Abstract: European beech (Fagus sylvatica L.) is increasingly managed by close-to-nature principles, mimicking the gap dynamics of seminatural forests. The prime aim of this study was to analyse natural regeneration reliability under favourable conditions in newly formed gaps. A total of 12 gaps were created by felling three canopy trees for each gap: six gaps in each of the two winters 1996-1997 and 1997-1998. One-half of the gaps were fenced against deer. We recorded advance regeneration density (1997), regeneration density and height (1997)(1998)(1999)(2000)(2001)(2002), relative light intensity (1997)(1998)(1999)(2000)(2001)(2002), and volumetric soil moisture content (1997)(1998)(1999)(2000)(2001)(2002). We also studied the effect of year of establishment, fenced versus unfenced, and position within gap on regeneration. Three or 4 years after gap formation, most gaps had nearly closed. Response of European beech, European ash (Fraxinus excelsior L. ), and sycamore maple (Acer pseudoplatanus L.) regeneration to gap formation was limited, and few seedlings were added to the advance regeneration pool during the study period. Other factors, such as relative light intensity, soil moisture, fencing, year of establishment, and position within gaps, all had rather low effects. Thus, the presence of advance regeneration appeared to be a key factor in explaining regeneration patterns in artificially created gaps.
Introduction
Gap regeneration in forests dominated by European beech (Fagus sylvatica L.) has gained in recognition worldwide with the increased interest in close-to-nature forestry. In close-tonature forestry, gaps in a group-selection system are viewed as a method of mimicking natural disturbance regimes (storms, diseases, and pests) to create more natural forest structures than observed in uniform, even-aged plantationlike stands. Studies across regions with beech forests have shown that gaps can (i) increase structural diversity within a forest stand (Angers et al. 2005; Drössler and von Lüpke 2005; Zeibig et al. 2005) ; (ii) protect forest-dependent biodiversity (Christensen and Emborg 1996; Schnitzler and Borlea 1998) ; (iii) provide a suitable forest microclimate for natural regeneration and ground flora (Collins and Pickett 1988; Emborg 1998; Collet et al. 2001; Degen et al. 2005; Ritter et al. 2005a; Hahn and Thomsen 2007) ; (iv) ensure relatively small changes in biogeochemical processes, where gaps are quickly filled with regeneration or ground flora (Bartsch 2000; Ritter et al. 2005b; Ritter and Vesterdal 2006); and (v) improve stand stability (Emborg and Larsen 1999; Emborg and Heilmann-Clausen 2007) . Despite the many advantages of gap regeneration, it appears that predictability of successful regeneration establishment, survival and growth -in both managed forests and unmanaged forest reserves -is low (Galhidy et al. 2006; ; that seedling establishment tends to be patchy even where conditions appear suitable (Mountford et al. 2006) ; and that advance regeneration are the only trees to reach the canopy layer before gap closure (McClure et al. 2000; Webster and Lorimer 2005) .
In Denmark, traditional natural regeneration methods, which include soil preparation, are known to reliably produce successful regeneration establishment and dense stocking the first spring following a mast year. For forests dominated by beech, the increasing interest in close-to-nature silviculture involves a stronger management focus on mixed-species natural regeneration in gaps, thus avoiding soil preparation in a particular mast year (Hahn et al. 2005) . The main practical management concerns about eliminating soil preparation are related to loss of regeneration reliability and increased risk for regeneration failure. Seedling survival could also be reduced by competing ground flora and browsing damage. With regard to browsing, roe deer (Capreolus capreolus L.) are a major threat to newly emerged seedlings (Madsen 1995a) . Thus, height growth of European beech, and more so of European ash (Fraxinus excelsior L.) and sycamore maple (Acer pseudoplatanus L.), may be severely reduced by deer browsing (Ammer 1996; Van Hees et al. 1996; Kriebitzsch et al. 2000) .
In previous studies of beech regeneration in Denmark, effects of factors including light, soil moisture, nutrient supply (fertilization) and competition were examined to support optimization of the silvicultural method at the stand level (Madsen 1994 (Madsen , 1995b . Results showed strong interactions among these factors, and it was recommended to include this in future research. Madsen and Larsen (1997) studied 22 beech regenerations but found only a small part of the total variation could be explained by the quantified growth factors, and there were no significant interactions identified among growth factors. However, we suggested that future studies of growth factor effects should include the year of establishment. Therefore, in 1997-1998, we established a series of gap-regeneration experiments to study (i) the reliability of natural regeneration, (ii) the effects of deer browse, and (iii) the gap effects of light and soil moisture. These experiments were conducted at several sites in Denmark representing various forest conditions and management regimes. In this paper, we describe the results from a gapcutting experiment in the forest Als Nørreskov, which has been managed by close-to-nature principles since 1960 (Madsen and Fodgaard 1989; Madsen et al. 1999) .
Our hypotheses are as follows: (H1) regeneration density and height are positively related to increased light and soil moisture, and there is a positive interaction between light and soil moisture on regeneration density and height, (H2) the central and northern parts of the gaps will foster the densest and tallest regeneration within the first 5 years due to more favourable light and soil moisture conditions, (H3) the presence of advance regeneration plays a crucial role in determining success of regeneration in gaps, (H4) in deerfenced gaps, natural regeneration of beech, ash, and sycamore maple will establish reliably and in significantly higher densities (in total e.g., > 5 m -2 within 5 years after gap formation) than in unfenced gaps, and (H5) deer-fences will significantly increase regeneration height growth -particularly for ash and sycamore maple.
Materials and methods

Site description
The study site, Als Nørreskov(55801'N, 9855'E, 0-29 m above sea level, 750 ha), is an old deciduous forest on the eastern shore of the island Als in southern Denmark (Fig. 1) .We established the gaps in stands with trees of up to 110 years old (Fig. 1) . The area has presumably always been a forested landscape and was officially registered as forest in the 18th century (Royal Danish Academy of Science and Letters 1783). The forest is presently dominated by beech, with some ash and sycamore maple and has an uneven-aged structure with a well-developed understorey. Mean canopy height is 33 m, and mean overstorey diameter at breast height was 53 cm. Mean annual temperature is 8.2 8C (Laursen et al. 1999) , and mean annual precipitation is 674 mm (Frich et al. 1997) . The soil has been classified as a Hapludalf, and the parent material is glacial deposits (Ritter and Vesterdal 2006) . Mean deer density is estimated at 15 roe deerÁ100 ha -1 (Andersen 2000) . The history of close-to-nature silviculture in Als Nørreskov dates back to the 1960s, when the aim was to maintain a high percentage of broadleaves, mainly beech, by natural regeneration. This was then quite different from the general trend in Danish forestry to replace broadleaves with conifers, mainly Norway spruce (Picea abies (L.) Karst.). From 1970, silviculture practiced in Als Nørreskov has become increasingly close-to-nature oriented by applying a method of natural regeneration within an irregular shelterwood system produced by target diameter cutting.
A total of 12 gaps were created for the study by cutting three large, neighbouring beech trees for each gap. Six gaps were established in winter (13 March 1997 and six gaps in winter -1998 (10 February 1998 . Mean gap size was 300 m 2 (180-470 m 2 ). Gaps were cut in two differ- ent years to test the effect of year and if there was a difference between gap establishment in a nonmast year (1997) or a mast year (1998). Gap placement was based on several criteria: closed canopy cover, relatively flat terrain, uniform soil conditions, and absence of dominant advance regeneration. Understorey trees were not felled because we (i) intended to mimic the natural gap formation as closely as possible and (ii) wanted to study interactions between light and soil moisture. For the latter purpose, we expected plots located at sites with good water supply but low light to be very useful because we then would have all four combinations of low or high light and soil moisture represented at various places in and around gaps. Fences (1.4 m height) were installed around one-half of the studied gaps (gaps 3, 4, 5, 6, 9, and 10) in pairs (total of three fences) (29 May 1997) to examine the effect of roe deer exclusion on forest regeneration (Fig. 2) . Selection of which gaps to be fenced was based on physical and logistical constraints, e.g., we avoided areas with forest roads. No preference for establishment of fences was made to site conditions or the presence of advance regeneration. Each fence included one gap from each of the two years.
Sampling and analyses
For each of the 12 gaps, sampling was done in 91 plots organized in a 3 m Â 6 m grid system. The grid had a central north-south baseline (120 m) and four parallel sidelines (42 m each; two east and two west of the baseline) that covered the gap centre as well as surrounding closed forest (Fig. 2) . Of the total 1092 sample plots, 87 plots from the outermost edges of the grid were excluded because they were too close to neighbouring gaps. Gap boundaries, defined as vertical crown projections of surrounding canopy trees on the forest floor (sensu Runkle 1982) , were mapped in summer 1998, and gap area was calculated from the polygons. Understorey beech trees present inside the gaps were not excluded from the calculated gap area.
Leaf area index (LAI) of the canopy was determined with a LI-COR LAI-2000 plant canopy analyzer (Welles and Norman 1991 , 1998 , 1999 , 2001 . Simultaneous measurements of the gap fraction on five concentric rings were taken with two cross-calibrated sensors under uniformly overcast conditions. The ''above-canopy'' sensor was placed on open land adjacent to the forest, and the ''below-canopy'' sensor was used for measurements 1 m above all plots. A 908 cover cap was mounted on both sensors to exclude the northern quadrant canopy of the sensor by orientating the sensors southwards. Hereby, canopy density of the three quadrants (east, south, and west), which influence both direct and diffuse forest floor light, was given priority in the quantification of the light conditions in each plot; see also Madsen and Larsen (1997) . LAI data were converted to relative light intensity, photosynthetic photon flux densities (PPFD, molÁm -2 Ás -1 ) in the 400-700 nm waveband. The conversion was based on regression analyses of LAI and PPFD measurements in a comparable beech forest in eastern Denmark (Madsen and Larsen 1997) .
Volumetric soil moisture content was measured at all plots along the baseline during a dry spell in the vegetation periods of , 1998 of , 1999 of , 2001 of . Measurements from 2001 were not included in the statistical analyses because the measurements showed a very high soil moisture content; the measurement was so high that we assume there were technical problems with the measurements both years. Measurements were carried out with a cable tester (Tektronix 1502C) for two sets of probes at each plot at 0-30 cm depth using time domain reflectometry (TDR). Data were converted to volumetric soil moisture content by the calibration of Topp et al. (1980) embedded in the software AUTOTDR by Thomsen (1994) and converted to percentages of field capacity (compared with winter field capacity measured late winter 1997).
Regeneration was recorded for all plots within and around all 12 gaps. We used circular plots of 0.3 m 2 (r = 0.3 m) in 1997-2000 and semicircular plots of 3.5 m 2 (r = 1.5 m) in [2001] [2002] (Fig. 2) . Recordings of regeneration, species, density, and height of tallest seedling by species (maximum height, cm), were carried out by the end of each growing season (October-November) in the sampling period. Regeneration was defined as all young trees (seedlings and saplings) <6 m tall in the 0.3 m 2 plots, whereas only regeneration taller than 0.5 m was recorded in the 3.5 m 2 plots. The shift in plot size was done to accommodate future experimental recordings of the regeneration and because a large proportion of the smaller plots had no seedlings. Advance regeneration density was only recorded during July 1997 and defined as seedlings (by species) from before spring 1997. Advance regeneration height was not measured. We did not have resources available for a precise differentiation between advance regeneration and new regeneration in the following recordings. We also had to only record the taller (>0.5 m) seedlings in those larger plots. Regeneration density was calculated for each plot and species as young trees per square metre.
The 91 sample plots of each gap were pooled into 11 larger plots, corresponding to the 11 positions defined within and around a gap (Fig. 2, right panel) . Means of regeneration density, maximum height, light, and soil moisture were calculated for each position. Regeneration density and regeneration height were log transformed. Mixed models with repeated measurements (MIXED procedure) (SAS, version 8.2; SAS Institute Inc., Cary, N.C.) were used to test the effects of light and soil moisture (both measured in 1998, which was the first year after all gaps were established), density of advance regeneration (covariate), fencing (''fenced'' or ''unfenced,'' class variable), year of gap establishment (1997 or 1998, class variable) , and position within gap (position 1-11, class variable) on mean regeneration density and maximum regeneration height. Year of gap establishment was nested within fencing. Year was the repeated measure. The 12 gaps were included in the statistical models as a random effect. We analysed different alternative measurement dates and years to represent the light and soil moisture factors but found that the 1998 measurements generally gave the best overall representation of the two factors for our statistical models. The models were run for each of the three main species (beech, ash, and sycamore maple) in two periods (1997-2000, measurements in small plots; 2001-2002 , measurements in large plots). Because soil moisture was measured only along the centre lines in the fenced gaps, there were two statistical models tested (a) including soil moisture but excluding fencing and (b) excluding soil moisture but including fencing. The models reported did not include interactions between variables. However, we did also test the interactions soil moisture Â light and light Â position. For all models, effects were considered significant when p 0.05.
The models for advance regeneration density were as follows: ln(advance regeneration density + 1) = position, fencing, year of establishment (nested within fencing), and light for the full data set (model 0a) and ln(advance regeneration density + 1) = position, year of establishment, light, and soil moisture for the reduced data set (model 0b). The models for regeneration density were as follows: ln(regeneration density + 1) = year, position, fencing, year of establishment (nested within fencing), light, and advance regeneration for the full data set (model 1a) and ln(regeneration density + 1) = year, position, year of establishment, light, soil moisture, and advance regeneration for the reduced data set (model 1b). The models for regeneration height were as follows: ln(regeneration height + 1) = year, position, fencing, year of establishment (nested within fencing), and light for the full data set (model 2a) and ln(regeneration height + 1) = year, position, year of establishment, light, and soil moisture for the reduced data set (model 2b).
Results
Light and soil moisture conditions
Analyses of the spatial patterns of relative light intensity (RLI) show that RLI increased from a mean of 2%-3% under closed canopy to 6%-8% in the gaps, with highest values slightly north of the gap centre (Fig. 3) . However, in some gaps, the effect of gap cutting was almost negligible, and by 2001 (3 or 4 years after gap formation), most gaps had closed considerably because of lateral expansion of branches and crowns from neighbouring trees and understorey trees.
Soil moisture conditions varied with seasons, years, and position in gaps. In general, soil moisture availability was higher in the gap centre than under closed canopy cover during dry periods of the growing season. In moist periods, typically early spring, soil moisture stayed close to 100% of field capacity in all sample plots. Depending on the pattern and quantity of summer precipitation and evapotranspiration, a gap effect on soil moisture availability was detected as early as June (1998; Fig. 4b ) but, typically, not until August (Figs. 4a and 5) when soil moisture dropped down to 40%-50% of field capacity under closed canopy.
The considerable change in patterns of soil moisture availability from a closed-canopy situation to a newly cut gap situation is illustrated in Fig. 5b , where measurements from 1997 (before gap cutting) contrast measurements from 1998 (after gap cutting). The subsequent and gradual closing of the gaps was partly detectable; we observed a narrower area with high soil moisture content in dry spells in 1999 than 1998 (Fig. 5) .
Advance regeneration
Advance regeneration occurred in all gaps at the time of gap formation and consisted mainly of beech and ash. Within gaps, there was a tendency of advance regeneration to be present in higher numbers in positions outside the gap centres (1-4.5 plantsÁm -2 ) than in the gap centres (0-1.5 plantsÁm -2 ). However, statistical analyses (models 0a and 0b) showed no significant effects. The gaps were placed at sites that, from the beginning, seemed to have less regeneration than in the rest of the forest. However, this was not expressed in significant effects of position, when the gaps were created.
Regeneration density
Regeneration densities were rather low at the beginning of the experiment; mean plant densities were 0-1 sycamore mapleÁm -2 , 1-3 ashÁm -2 , and 0-5 beechÁm -2 (Fig. 6 ). Beech and ash densities clearly increased in 1999 and subsequently declined in 2000 (Fig. 6 ), which were patterns underlined by the highly significant year effects (P < 0.0001) for models (1997) . Values are means for gaps 3, 6, and 10, which were cut 13 March 1997. After a gradual decrease in soil moisture availability, a marked drop occurred in August 1997, with much lower soil moisture availability under closed canopy. Only in the gap centre did soil moisture availability remain high. Standard errors of the means (SEs) for each month are as follows: April, SE = 3.2; May, SE = 3.6; June, SE = 4.1; July, SE = 6.5; August, SE = 10.2. (b) Change in mean soil moisture (% of field capacity) through the first growing season after gap formation (1998). Values are means for gaps 4, 5, and 9, which were cut 10 February 1998. Soil moisture availability remained high in the gap centre throughout the growing season. Under closed canopy, soil moisture availability dropped in June, increased again after precipitation in July, and dropped considerably again in August-October. Generally, precipitation during the growing season 1998 was considerable higher than in 1997. SEs for each month are as follows: May, = 7.1; June, SE = 7.5; July, SE = 10.4; August, SE = 12.8; October, SE = 14.3. 1a and 1b in the period 1997-2000 (Table 1) . For sycamore maple, regeneration density was consistently low in the whole period. Advance regeneration density had a consistent and highly significant effect for both models 1a and 1b and, as such, was the main factor controlling the regeneration density. Except for ash regeneration density in the last period (2001) (2002) , the P values of advance regeneration were <0.0001.
The effect of position was significant to highly significant for beech (model 1b), ash (model 1a), and sycamore maple (both models). All three species had lowest densities in gap centres (position 4; see Fig. 2, right panel) . Fence and year of establishment showed no significant effects.
In model 1b (Table 1) , light and soil moisture had significant negative and positive effects, respectively, for beech in 1997-2000. For ash and sycamore maple, the pattern was 
Regeneration height
At the beginning of the experiment (1997), the maximum height of regeneration was 20-30 cm for beech, 20 cm for ash, and 20-45 cm for sycamore maple (Fig. 7) . Height development was not clear. Maximum height of beech and ash went significantly up and down over the years 1997-2000 and, by the end of this period maximum height, showed only a small increase. Statistical analyses of which variables had a significant effect on height of regeneration also provided inconsistent results. Fencing was only significant for beech (1997-2000; model 2a) . The position effect was significant for all three species through the whole study period except for beech 2001-2002 (model 2b) and sycamore maple 1997-2000 (model 2b) . For beech and ash, the shortest seedlings were located in the gap centres, whereas there was no clear pattern for sycamore maple. Year of establishment had a sporadic but significant effect on height of beech in 2001-2002 (model 2a) . Light was generally significant for sycamore maple except for model 2b in 1997-2000 and for ash in 1997-2000 (model 2a) , with taller plants at higher RLI. On the contrary, beech was negatively influenced by increased light: model 2b showed a significantly negative impact. Soil moisture availability had a significant positive effect on beech and sycamore maple height in 1997-2000 and 2001-2002 (model 2b) , respectively (Table 2) .
Discussion
The purpose of the study was to examine how natural regeneration would establish in recently cut gaps (without soil preparation) not already occupied by extensive, advance regeneration. Based on previous studies and the literature, we expected significant and positive effects of light and soil moisture availability as well as a positive interaction between the two on regeneration establishment (density and growth). We also expected better regeneration establishment where deer were excluded (fencing) and in the artificially established gaps, particularly in the northern part of gaps. Many results were not what we expected. Despite a sharp increase in ash and beech regeneration in 1999, the decrease in the subsequent years meant that little new regeneration was added to the regeneration pool by the end of the study period. Moreover, we did not find the expected clear effect from growth factors, the fence, the gaps, or the position within the gaps.
The effect of light, soil moisture, advance regeneration, and ground vegetation
Light and soil moisture increased markedly following gap formation, reaching the highest values in the gap centre (light and soil moisture) and just north of the gap (light). This corresponds well with observations from many other studies that an opening in the canopy provides a marked improvement in light and soil water availability (e.g., Ritter et al. 2005a; Galhidy et al. 2006; Ritter and Vesterdal 2006; Dalsgaard 2007 ). Gap effects on light and soil moisture lasted throughout the experimental period, but light availability levelled off within 3 or 4 years after gap formation. Similar short-lived increases in resource availability (<3 years) have been reported by Aussenac (2000) , Muth and Bazzaz (2002) , and Dalsgaard (2007) . The gap effect of light was rather small and was soon reduced further by lateral growth of branches of neighbouring canopy trees and understorey trees (Fig. 3) . This is probably one of the main factors in explaining why new regeneration failed shortly after establishment. The longer lasting gap effect in soil moisture was probably due to a slower process of fine-root ingrowth of trees surrounding the gaps (Bauhus and Bartsch 1996) . Density-dependent plant mortality is sometimes considered a factor to explain the observed mortality. In this study, only 6 (beech) and 15 (ash) plots (of 1092 plots) had densities exceeding 70 seedlingsÁm -2 . Sycamore maple never exceeded a density of 13 seedlingsÁm -2 .We did not observe density-dependent mortality in any of the plots with high densities. Figure 6 clearly demonstrates that those peak densities were both rare and extreme, compared with mean plant densities. Additionally, densities in those plots peaked when the majority of seedlings were 1 year old and <10 cm tall. Therefore, we conclude that density-dependent mortality did not cause early mortality following seedling recruitment.
In comparable studies of gap regeneration in beech forests, seedling density is highest at the gap fringe or just outside the gap (Mountford et al. 2006) , whereas the tallest plants are recorded in the gap centre (Ritter et al. 2005a ), corresponding to the increased resource availability there. In our study, the increase in resource availability was not matched by a strong response of regeneration. Beech regeneration density increased with soil moisture but decreased with light. The negative light effect was particularly surprising because there is no physiological explanation for the correlation. Why did light negatively influence beech regeneration? The negative effect was probably because we intentionally selected gap centres where there was less regeneration and ground flora than in the surrounding forest. This did not create significant position effects on the advance regeneration; however, all three species showed significant position effects, and they had the lowest densities in the gap centres. The fact that heavy beech mast in autumn 1998 (Fig. 6) only caused a temporary increase in the density patterns set by the advance regeneration is probably linked to the marked decrease in resource availability in the fast-closing gaps (Figs. 3 and 6) . The P value of advance regeneration remains highly significant (P < 0.0001) for all three species throughout the study period except for ash in [2001] [2002] , whereas the significance of soil moisture and light is much less and even not always positive. For 2001 , beech showed a negative response to increased light, whereas ash and sycamore showed a positive response to increased light; however, the effects were not nearly as strong as we had expected.
With gap establishment, gap centres received the highest light intensities, whereas soil moisture patterns (e.g., Figs. 4 and 5) showed a higher variability than light patterns, and moist areas were not only found in the gap centres but also in surrounding forest. As such, advance regeneration had the opportunity to positively respond to increased soil moisture at many places in the forest, so responses in plots with little regeneration and high soil moisture in the centre of the experimental gaps were masked. crease for all seedlings from 2000 to 2002 is due to the change in sampling design (only seedlings >50 cm). This means that the mean height is not as high as it appears from the examples above. Likewise, it should be noted that the decreasing mean height (Fig. 7) for beech 1998 to 1999 and ash 1997 to 1999 was probably caused by new seedlings colonizing formerly empty plots and (or) by deer browse (see below). In summary, we reject hypothesis H1 because we found little evidence for a positive relationship between regeneration height and density and the increased resource availability (light, soil moisture, and their interaction). Hypothesis H2 was also rejected: Although light and soil moisture availability was higher in the centre and just north of the gap centre, regeneration was not taller or denser at these positions. Instead, advance regeneration appeared to be a key factor in Als Nørreskov, which confirms hypothesis H3 that the presence of advance regeneration plays a crucial role in determining success of regeneration in gaps.
The effect of fencing
Ungulates may play an important role by influencing structure and dynamics of regeneration in deciduous forests. Their impact on forest vegetation has been extensively discussed especially in desire for sustainable management of both forest regeneration and wildlife (Reimoser and Gossow 1996; Cote et al. 2004; Moser et al. 2006) . Problems are typically discussed for species that are rather susceptible to browsing: in this study, ash and, to some extent, sycamore maple. It was expected that these two species would increase significantly in height growth within fenced gaps.
In this study, we found few positive and significant effects of fencing on regeneration density or on height. This is in contrast to other European studies, which report sycamore maple to be one of the most affected species (Ammer 1996; Harmer 1999) . However, Gill (1992) describes how different relative deer browse susceptibility is for various tree species at different sites. In Danish forestry practice, sycamore maple is usually not ranked as a species that is highly susceptible to browse. Finally, in accordance with Harmer (1999) , no specific observations on higher mortality due to browsing were recorded. Thus, our impression is that deer populations in Als Nørreskov are within an acceptable range for regeneration success. Furthermore, it is likely that habitat structure of Als Nørreskov does not stimulate overbrowsing as also reported from other regeneration studies (Reimoser and Gossow 1996; Holladay et al. 2006) . In summary, we reject hypotheses H4 and H5 because fences had no significant effects on regeneration density or growth within the timeframe of this study.
With regard to fencing, our impression was that the fences proved to be too large to completely keep all deer out. There were signs of roe deer activity inside one of three fences and after a windthrow in December 1999, where a tree had fallen down and damaged the fence, a roe deer was even observed inside this fence. Therefore, we suggest for future studies to make smaller and thus more efficient fences, which allow the animals to see the end of the enclosure, thereby limiting the urge to enter the enclosure. Additionally, such design will allow for more degrees of freedom in the statistical analyses of fence effects. Of course, the disadvantage is that such small fences (e.g., 100 m 2 ) will not provide large areas of fenced regeneration to support longterm studies of deer-browse effects on, for example, forest structure and productivity.
Implications for sustainable forest management
The study provided several interesting conclusions for close-to-nature forest management. First of all, gap formation means an increase in resource availability (light and soil moisture), but the effect might be too short lived for regeneration to establish securely if gaps are small. Further, this means that successful establishment of regeneration and potential development into canopy trees depends on gap size or alternatively on a series of gap cuttings to expand the original gap or other kinds of canopy openings (Emborg 2007) . Also, if light-demanding species are desired, gaps should be of substantial size and have the ability to stay relatively open for several years. Thus, future studies would benefit from a research design with a wider range of gap sizes than investigated here, with special emphasis on future gap expansion to facilitate regeneration and growth of more light-demanding tree species. Moreover, similar to the recommendation that forest managers need to be more patient with their expectations for the forest to respond to, for example, canopy opening, forest researchers probably also need to install long-term studies. Such studies may need to run for decades to retrieve and document the full effects of various treatments. This applies particularly to close-to-nature silviculture studies.
Another interesting outcome of the study is that advance regeneration is relatively secure, whereas seedlings established after gap formation are ephemeral. However, some of the new seedlings may very well become future advance regeneration waiting for future disturbance. Seedling growth is very slow below 5% light (Madsen 1995b; Emborg 1998; Collet et al. 2001) ; thus, the formation of canopy gaps may serve to release seedlings that germinated and survived under low light levels. Other studies have shown that advance regeneration of beech can respond very rapidly to canopy opening and that very few seedlings regress or die following gap formation (Collet and Chenost 2006) . This means that gaps should be cut where it is economically feasible (e.g., mature trees have reached a target diameter); however, if there is a choice between a site with and a site without advance regeneration, the forester may considerably shorten the next rotation period by harvesting where advance regeneration is already present. Otherwise, the forester may have to wait for several years or perhaps even decades before adequate densities of regeneration are present, especially for species with infrequent mast years. Alternatively, a more traditional Danish silvicultural approach that involves soil preparation with the beech seed fall may enhance seedling establishment, e.g., a light preparation during the later part of the seed fall. A third point, relating to the spatial distribution of regeneration within and around a gap, is that the prediction of where regeneration establishes appears to be a complicated interaction among stand structure, soil and microclimatic interactions, and past silvicultural treatments (e.g., thinnings) where chance also plays an important role ). Therefore, although detailed information on resource distribution is seldom available for the forester, a coarser approach may be useful. In this study, we divided the gap and surroundings into 11 broad positions as an attempt to avoid the dichotomy between ''gaps'' and ''nongaps'' and to reduce complexity and make the findings of the detailed experiment manageable. In practice it means that a division of the gap into a northern, central, edge and closed canopy section is detailed enough for predictions of e.g., regeneration height (Holladay et al. 2006 ). Finally, fencing, which is an expensive solution, seems almost unnecessary in systems like Als Nørreskov, where regeneration is otherwise unproblematic and browsing only plays a secondary role for regeneration survival and height growth. Thus, the forester should carefully, for example by installing very small (10 m Â 10 m) monitoring fences, evaluate the cost of fencing and maintenance against the loss of regeneration material and potential. Only if regeneration success falls below a defined threshold should actions be taken.
Sound management of regeneration in deciduous forests is essential to their long-term sustainability and productivity (Wagner and Lundqvist 2005) . Close-to-nature forest management appears to be an important and flexible toolbox, in which gap regeneration is a highly useful tool to secure the sustainable development of these forests (Hahn et al. 2005) . This tool mimics the openings of various sizes that follow moderate disturbance events, i.e., storms. Research in Als Nørreskov, which has been managed by close-to-nature principles for decades, showed that substantial regeneration in gaps does not establish immediately and, in some cases, not even over a 5 year period. Moreover, the quantified predictor variables were not adequate in describing abundance and height of gap regeneration. Two important findings were that advance regeneration, which was already present at the time of gap formation, played an important role and that sites with advance regeneration are those with regeneration success in the years following gap formation.
Over the 5 years following gap formation, gaps closed at a rather fast pace, primarily because of a vigorous canopy. This means that there is a limited effect of the increased resource availability (light and soil moisture). This is especially important for tree species with infrequent mast years, which depend on a larger regeneration window in both time and space, particularly in cases where regeneration conditions may vary from year to year (i.e., spring or summer droughts). Therefore, gaps created by felling of only three canopy trees are probably too small, even for shade-tolerant tree species for regeneration to reach canopy height. However, perhaps these smaller gaps are large enough to support establishment of future advance regenerations that will respond to future disturbances.
